Objective: To evaluate in a cohort of infants with congenital hypothyroidism (CH): (a) the frequency of bone maturation (BM) retardation at birth and (b) whether BM delay at birth may be considered as a tool to make a prognosis of psychomotor status at the age of 1 year, irrespective of other variables related to treatment. Design: BM at birth, CH severity and developmental quotient (DQ) at the age of 1 year were retrospectively evaluated in 192 CH infants selected by the following inclusion criteria: (a) gestation age ranging between 38 and 42 weeks; (b) onset of therapy within the first month of life; (c) initial thyroxine (L-T 4 ) dosage ranging from 10 to 12 mg/kg/day; (d) normalization of serum thyrotropin (TSH) levels before the age of 3 months; (e) monthly adjustments of L-T 4 dose during the first year of life with serum TSH levels ranging from 0.5 to 4 mIU/l; (f) no major diseases and/or physical handicaps associated with CH; (g) availability of both thyroid scanning and knee X-rays at the time of treatment initiation; (h) availability of DQ assessment at an average age of 12 months. Methods: BM was considered normal if the distal femur bony nucleus diameter exceeded 3 mm (group A) or retarded if either this nucleus was absent (subgroup B1) or its diameter was , 3 mm (subgroup B2). DQ was evaluated with the Brunet -Lézine test. Results: In 44.3% of cases BM was either delayed (23.5%) or severely delayed (20.8%). The risk of BM retardation was higher in the patients with athyreosis than in the remaining patients (41/57 vs 44/135, x 2 ¼ 25.13, P , 0.005). BM-retarded infants showed a more severe biochemical picture of CH at birth and a lower DQ at the age of one year compared with the group A patients. If compared with infants of subgroup B2 those of subgroup B1 exhibited significantly lower T 4 levels at birth and a more frequent association with athyreosis (70.0 vs 30.0%; x 2 ¼ 7.49, P , 0.01), whereas DQ was superimposable in both subgroups. Conclusions: (a) BM at birth is delayed in almost half of CH patients and (b) CH severity per se can affect DQ at the age of 1 year irrespective of other variables related to therapy.
Introduction
Neonatal screening programs have led to improved intellectual prognosis for children with congenital hypothyroidism (CH), thanks to the significant anticipation of the start of replacement therapy. Nevertheless, subtle neurocognitive deficits may be detected even in CH children treated very early in life (1, 2) , which confirms that the timing of onset of treatment is not the only factor involved in the regulation of psychomotor development in CH infants. Another important factor that is able to influence intellectual prognosis in these patients is the severity of CH at diagnosis, as assessed by serum thyroxine (T 4 ) levels, amount of thyroid tissue and the degree of bone maturation (BM) (3 -8) . BM retardation at birth has been proposed as an indicator of intrauterine and severe CH, with a negative prognostic value on long-term intellectual outcome (9 -12) . Nonetheless, its prevalence among the neonates with CH has not been investigated hitherto.
The aims of the present study were to evaluate: the frequency of BM retardation at birth in our CH population; whether BM retardation at birth is associated with other biological signs of intrauterine and severe CH; whether BM delay at birth may be considered as a tool to make a prognosis of psychomotor status at the age of one year, irrespective of other variables related to treatment; and whether a different degree of BM delay at birth correlates with the severity of CH and may be associated with a different psychomotor status at the age of 1 year.
Patients and methods

Study population
This retrospective study covers a cohort of 192 infants with persistent CH who were selected from a larger population of CH patients identified by regional screening programs during a 10-year period between 1990 and 1999.
Screening programs were based on thyrotropin (TSH) and T 4 analyses of filter paper blood samples collected on the fifth day of life. The cut-off TSH value used to discriminate newborns with CH from unaffected infants was 20 mIU/l, whereas the concentration of the highest standard of the spot TSH assay was 400 mIU/l. In all the patients, diagnosis of CH had been confirmed at recall on the basis of abnormal serum TSH, total T 4 and free T 4 (FT 4 ) measurements.
The 192 subjects admitted to our study were selected by the following inclusion criteria: gestational age ranging between 38 and 42 weeks; onset of therapy by the 1st month of life (mean 23^2 days; range 14 -30); initial L-T 4 dosage ranging from 10 to 12 mg/kg/day; normalization of TSH serum levels (, 4 mIU/l) before the age of 3 months; monthly evaluations of TSH and total T 4 serum levels and adjustments of the L-T 4 dose during the 1st year of life, in order to maintain a euthyroid status, with TSH serum levels ranging from 0.5 to 4.0 mIU/l; no major diseases and/or physical handicaps associated with CH; availability of both thyroid scanning and knee X-rays, which had already been performed at the time of initiation of treatment in order to assess either etiological diagnosis of CH or neonatal skeletal maturity respectively; availability of a developmental quotient (DQ) assessment at an average age of 12 months.
Methods
Thyroid scanning at confirmation of diagnosis had been performed by either 99 m Technetium or 123 Iodine and the 192 patients selected for this study were classified as having athyreosis (57/192 ¼ 29.7%) or other types including ectopic thyroid gland (96/192 ¼ 50%) and normally sited gland (39/192 ¼ 20.3%).
Skeletal maturation was evaluated by X-ray assessment of the distal femoral epiphyseal ossification center. In order to minimize the influence of L-T 4 treatment and postnatal factors on skeletal maturation only infants in whom X-rays were obtained within the first month of life were included. Moreover, in all of the selected patients radiography had been performed either before or shortly after the start of therapy (range 1-3 days). In all the infants the presence or absence of the distal femoral epiphyseal nucleus was scored according to the method by Ilicki et al. (13) , simplified as follows: bony nucleus diameter was measured on the film using electronic callipers and BM was considered (a) normal if its diameter exceeded 3 mm (group A) or (b) retarded if this bony nucleus was absent or its diameter was , 3 mm (group B). This limit was arbitrarily chosen according to the criteria proposed by Sénécal et al. (14) and partially modified by Ilicki et al. (13) . The same limit had previously been adopted by Heyerdahl et al. (15) . A knee epiphysis diameter , 3 mm implies that the epiphyseal area is , 0.07 mm 2 , which is very similar to the cut-off value (epiphyseal area , 0.05 mm 2 ) used by Glorieux et al. (10) . The patients with retarded BM were further divided into two subgroups: those with absent distal femoral nucleus (subgroup B1) and those with a small nucleus, i.e. , 3 mm (subgroup B2).
Psychomotor development had been assessed in all the patients with the Brunet-Lézine test. This test had been carried out by different psychologists at the local pediatric clinics when the patients were 10 -14 months old (mean 12^1 months). The BrunetLézine psychomotor developmental scales provide an estimate of overall development considering four specific intellectual and behavioral functions: locomotor and postural control, verbal level, personalsocial relations and oculo-motor coordination (16) .
According to this test, DQ in a control population of 9-month-old normal infants has very recently been reported to be in the range from 85 to 105 (average 98^6.4) (17) . In the light of these results DQ in our study population was arbitrarily considered as abnormal if it was lower than 85.
Statistical analyses
For statistical purposes, Student's unpaired t-test, Mann-Whitney's test or chi-square test were used when appropriate in order to estimate differences between groups. Correlations on individual values were made by Pearson's test. All values are given as means^standard deviation (S.D.).
This study was approved by the Ethical Committees of all the Hospitals participating in this investigation.
Results
Frequency of BM retardation at birth
According to our definition for neonatal BM retardation, BM was normal in 107/192 infants (55.7%) and retarded in the remaining 85 patients (44.3%). Among the 85 patients belonging to group B, 45 exhibited a very severe delay in BM, as indicated by the absence of the distal femur bony nucleus (subgroup B1 ¼ 23.5%). In another 40 infants BM retardation was less severe, being substantiated only by femoral bony nucleus hypoplasia (subgroup B2 ¼ 20.8%).
Association between BM retardation and other biological signs of intrauterine CH
Among the 85 infants with neonatal BM retardation, forty-one (48.2%) were athyreotic. Since the overall prevalence of athyreosis in the entire study population was 57/192 (29.7%) the risk of BM retardation was significantly higher in the patients with athyreosis than in those with other causes of CH (41/57 vs 44/135; x 2 ¼ 25.13, P , 0.0005). If compared with the patients of group A, BMretarded infants exhibited a more severe biochemical picture of thyroid failure, as clearly demonstrated by the following evidence: (a) TSH blood concentrations were significantly higher in group B patients both at the time of screening and at recall examination (Table 1) ; (b) T 4 blood concentrations, on the other hand, were significantly lower in BM-retarded infants at both assessments (Table 1) . Also FT 4 serum levels at recall were slightly lower in group B patients than in those with normal BM, although this difference did not achieve statistical relevance (Table 1) .
Relationships between the degree of BM delay and severity of CH Among the 85 infants of group B a more severe degree of BM retardation was found in those belonging to subgroup B1 than in those belonging to subgroup B2. Among the 45 patients of subgroup B1, 28 (70%) were athyreotic, which demonstrated the existence of a more frequent association with athyreosis in this subgroup of infants with severely retarded BM than in those of subgroup B2 (28/40 vs 13/45; x 2 ¼ 7.492, P , 0.01).
Moreover, if compared with the patients of subgroup B2, those with severely retarded BM exhibited a more severe impairment of thyroid function, as shown by the following biochemical findings: (a) T 4 blood concentrations were significantly lower in subgroup B1 both at the time of screening and at the recall assessment (Table 2) ; (b) average TSH blood concentrations were slightly higher at both assessments and FT 4 serum levels were slightly lower at recall in subgroup B1 patients, although these differences did not attain a statistical relevance ( Table 2) .
Variables related to treatment
Age at therapy onset, initial L-T 4 dose, age at TSH normalization and average TSH and T 4 serum levels during the first year of life under L-T 4 treatment are shown in Table 3 . None of these variables were significantly different in the group A patients compared with those of group B. In the entire study population the overall prevalence of cases with abnormal DQ was 15/192 (3.7%). This prevalence was significantly lower in group A than in group B (4/107 vs 11/85; x 2 ¼ 5.57, P , 0.025), whereas no differences were found between subgroups B1 and B2 (5/40 vs 6/45).
An abnormal DQ was found more frequently in athyreotic patients than in the patients with other types of CH (10/57 vs 5/135; x 2 ¼ 10.65, P , 0.005). No significant relationships were found between DQ and pre-treatment thyroid function tests, both at the time of screening and at recall. Moreover, DQ was associated with none of the variables related to therapy (age at therapy onset, initial L-T 4 dose, age at TSH normalization, average TSH and T 4 serum levels during the first year of life under L-T 4 therapy).
Discussion
An important fact which emerges from the present investigation is that in a cohort of 192 infants with CH all detected by the neonatal screening, a number of patients still show retardation in psychomotor development, despite immediate and adequate substitutive treatment. In the last few years several studies have investigated psychomotor development and intellectual outcome of subjects with CH diagnosed by neonatal screening. Some of them found no differences in cognitive performances between CH patients and controls (18, 19) , whilst other studies demonstrated the existence of some minor deficits in CH individuals (1 -11) .
Subsequent clinical studies have shown that a number of variables influence DQ in children with CH. These include: timing of treatment, initial dose of L-T 4 , severity of CH (very low serum T 4 concentrations before therapy onset, athyreosis, delayed skeletal maturation at birth) and average serum FT 4 levels during the first year of life.
Age at the onset of replacement therapy in CH had already been demonstrated to be a very important determinant of intellectual outcome in the pre-screening era (20) and screening programs aim to reduce the postnatal duration of the hypothyroid period as much as possible. According to a recent study, a delayed start of treatment might lower intellectual outcome several points per week during the early weeks of extrauterine life (21) . Nevertheless, according to other recent reports, a small delay of substitutive treatment in infants diagnosed by newborn screening does not seem to be an important risk factor for a poor intellectual outcome (22) (23) (24) .
Another important determinant of psychomotor development in CH infants diagnosed by newborn screening is the initial dose of L-T 4 therapy, and there is a growing consensus that initial doses should be higher than those which were generally used at the start of CH screening programs (25, 26) . This view has recently been supported by the finding of a significant association between L-T 4 dosage at the onset of treatment and subsequent school performance achievement (24) .
CH severity parameters are well documented determinants of subsequent neurocognitive deficits in subjects with CH (24) . In some studies CH severity has been found to be significantly associated with neurocognitive outcome, probably as a consequence of the deleterious effects of prenatal thyroid failure on central nervous system maturation (4, 27). However, this negative impact of severe versus mild CH on DQ can be counteracted by an early and high dose L-T 4 treatment (19, 28) . On the other hand, children with mild CH who are usually prone to a normal psychomotor development, may also experience an insufficient long term evolution if treated late with a low initial L-T 4 dose (21). The results of these studies suggest that an optimal treatment can lead to a very good outcome in individuals with severe CH, whereas even children with mild CH are vulnerable in cases of non-optimal treatment (2) .
The importance of an optimal treatment -based on an early start of high doses of L-T 4 and careful followup of the adequacy of therapy -has recently been confirmed by Léger et al. (24) . These authors demonstrated for the first time that the adequacy of treatment during follow-up is the strongest factor related to school performance achievement in CH adolescents, even when the disease severity at diagnosis is taken into account.
In many of the previous reports, the above considered treatment variables (age at therapy initiation, initial L-T 4 dose, severity of CH and adequacy of treatment) frequently overlapped, which did not allow definite conclusions to be drawn about the autonomous role played by each of these factors in conditioning psychomotor development in CH infants.
Ours is the first investigation based on a study design aiming to evaluate the influence on psychomotor development of only one variable (CH severity), having preliminarily excluded the interference of all the treatment variables (age at therapy onset, initial L-T 4 dose, adequacy of treatment during the first year). This study design gave us the opportunity of showing that CH severity per se can significantly affect psychomotor development during the first year of life, even in the patients who are treated with adequate amounts of L-T 4 within 1 month after birth and who attain early normalization of TSH serum levels (before the age of 3 months). In our series, psychomotor outcome at the age of 1 year was significantly conditioned by CH severity parameters irrespective of treatment variables. The lowest scores in terms of DQ were observed in the subjects with delayed BM at birth and particularly in those with athyreosis while other pre-treatment factors, such as thyroid function tests, were not significantly able to predict DQ at the age of 1 year.
In accordance with recent reports (24, 29) , our data indicate that high L-T 4 starting doses rapidly normalize serum TSH concentrations resulting in a normalization of psychomotor development in almost all (96.3%) the patients. In the few patients of our series with slightly abnormal DQ (between 80 and 85) at the age of one year their negative performances were significantly related to CH severity parameters. This observation seems to support the recent view that children with athyreosis need more careful evaluation and a more aggressive treatment schedule (1).
Our results suggest that a closer monitoring schedule should be adopted during the first year of life in all individuals with delayed BM at birth, not only in those with athyreosis. This implies that BM should be assessed in all CH patients before the initiation of therapy, a procedure that is not routine in most centers.
In the present study BM was scored for the first time in a different way according to whether distal femur bony nucleus is either absent or hypoplasic, in order to evaluate whether a different degree of BM retardation may reflect a different impairment of thyroid function and thus have a different impact on psychomotor development. Our data demonstrated that the absence of distal femur nucleus is frequently associated with a more severe hypothyroid picture. No differences, however, in terms of DQ were found between the patients with a different degree of BM at birth. This implies that both infants with absent bony nucleus and those with hypoplasic epiphyseal nucleus are exposed to an increased risk of developing subtle defects in psychomotor development and should, therefore, undergo a more careful clinical and biochemical monitoring during the first year of life.
That athyreosis and delay in BM are important factors influencing psychomotor development in CH is a fact which has been known for a long time (30) . In previous studies, however, the initial treatment with L-T 4 was not as optimal as in the present investigation and the possibility that other variables related to treatment may have played some role in conditioning the poor psychomotor outcome cannot be excluded.
To sum up, our results as a whole demonstrate that: (a) BM at diagnosis of CH is delayed in almost half of the patients; (b) the retardation of BM in CH infants reflects a more severe thyroid function impairment and is frequently associated with athyreosis; (c) CH severity per se can significantly correlate with psychomotor development during the first year of life, irrespective of other variables related to treatment; (d) among the subjects with BM delay at birth a different degree of BM retardation may reflect a different impairment of thyroid function, without being associated with any different impact on psychomotor development during the first year of life.
